The human 15-lipoxygenase (15-LO) gene was transfected into rat kidneys in vivo via intra-renal arterial injection. Three days later, acute (passive) or accelerated forms of antiglomerular basement membrane antibody-mediated glomerulonephritis were induced in transfected and nontransfected or sham-transfected controls. Studies of glomerular functions (filtration and protein excretion) and ex vivo glomerular leukotriene B4 biosynthesis at 3 hr, and up to 4 days, after induction of nephritis revealed preservation or normalization of these parameters in transfected kidneys that expressed human 15-LO mRNA and mature protein, but not in contralateral control kidneys or sham-transfected animals. The results provide in vivo-derived data supporting a direct antiinflammatory role for 15-LO during immune-mediated tissue injury.
15-LO gene expression is restricted largely to leukocyte cell lines, but also has been detected in reticulocytes and airway epithelial cells (1, 2) . Dual lipoxygenation at both the C-5 and C-15 positions in activated neutrophils and macrophages yields a class of LO interaction products, lipoxins (LXs) (3) . Macrophages are a particularly rich source of 15-LO and hence of 15(S)-HETE and LXs (4) (5) (6) (7) (8) . LX synthesis also can occur via transcellular metabolism of the leukocyte-generated intermediate, LTA 4 , by 12-LO in adjoining cells (9) or platelets (10, 11) .
The biological significance of 15-LO has been the focus of intense investigation. In 1990, Brezinski and Serhan (12) reported 15(S)-HETE esterification into inositol-containing lipids (12) . Moreover, the esterified phosphoinositol membrane lipid pool containing 15(S)-HETE could serve as a ''primed'' pool for subsequent generation of LXs and inhibition of LTB 4 synthesis from endogenous sources in human neutrophils. This novel membrane priming event was shown to have an impact on signal transduction. Subsequently, our own group (13, 14) and others (15) (16) (17) (18) have presented evidence supporting the specific capacity of 15(S)-HETE and LXA 4 to effectively paralyze polymorphonuclear cell and macrophage activation, chemotaxis, and transendothelial migration. Data from these studies suggest that substitution of 15(S)-HETE͞LXA 4 for esterified arachidonic acid in the diacylglycerol (DAG) component of phosphatidylinositol bisphosphate leads to remodeling of membrane topology, thereby thwarting recognition of inflammatory agonists and adhesion molecules by leukocyte surface receptors. Legrand et al. (16) have suggested that should cellular activation still occur in 15(S)-HETE preincubated cells, a significant fraction of the ''second messenger'' DAG will consist of 15(S)-HETE (or LXA 4 )-substituted [''false'' DAG], incapable of activating protein kinases. Although the precise mechanism for potential 15-HETE-DAG͞kinase interactions has yet to be elucidatied, this two-step ''tripping'' of macrophage͞polymorphonuclear cell activation potentially endows 15-lipoxygenated eicosanoids with ''anti-inflammatory'' properties.
Recently, in vivo evidence for the anti-inflammatory impact of the 15-LO pathway has been reported. Stable analogs of LXs have been shown to be topically active and anti-inflammatory in mouse models of inflammation (19, 20) . 15-LO transgenic rabbits were developed by Shen et al. (21) and found to be protected against experimental atherosclerosis (21) . Finally, IL-13, an anti-inflammatory lymphokine, is known to upregulate 15-LO gene expression in human monocytes (27) and to induce LXA 4 receptor expression in human enterocytes (22) .
Recent advances in experimental gene therapy have provided an opportunity to investigate the role of 15-LO in vivo (for a review of gene therapy techniques see refs. 23 and 24). To explore whether overexpression of 15-LO exerts local antiinflammatory actions, we used a method of gene delivery using high transfection efficiency liposomes fused to the protein coat of hemagglutinating virus of Japan (HVJ) liposomes. This method has the advantage of delivering DNA into the nucleus of postmitotic adult cells (25, 26) . With this method, entire functioning genes can be delivered directly to the kidney, localizing almost exclusively in the glomerular mesangial cells (27) .
Methods
All of the experiments were performed on adult male SpragueDawley rats weighing 220-270 g. Rats were housed at the Veterans Administration Medical Center Animal Care Facility and provided normal rats chow and water ad libitum.
Rat Models of Glomerulonephritis. Antiglomerular basement membrane nephrotoxic serum (NTS) was produced in sheep by repeated immunization with rat glomerular basement membrane (28, 29) . Two models of glomerulonephritis were used.
Passive NTS nephritis (pNTS). In pNTS, NTS was administered at a dose of 300 l (i.v.) at time zero, and measurements were performed at 3 and 48 hr. h15-LO-transfected animals were studied at 3 hr (n ϭ 8) and 48 hr (n ϭ 6) post-NTS injection. These animals were compared with animals transfected with green fluorescent protein and NTS in identical protocols (n ϭ 3 each; 3 and 48 hr post-NTS). Each animal's untransfected, contralateral (right) kidney served as its own control. 
Accelerated NTS nephritis (aNTS).
In aNTS, rats were preimmunized with 2 mg sheep IgG mixed 1:1 with complete Freund's adjuvant (i.p.) and then injected with NTS (200 l, i.v.) 7 days later. Animals were divided into four groups: group 1 had h15-LO transfection alone; group 2 had h15-LO transfection ϩ aNTS; group 3 had sham transfection only; and group 4 had sham transfection ϩ aNTS. Animals were followed for 4 days post-NTS injection in metabolic cages (see below).
Methods of in Vivo Transfection of h15-LO. The HVJ-liposome method was used to transfect the kidney as described (25) (26) (27) . Briefly, the procedure was as follows.
Preparation of HVJ. HVJ (Sendai virus) was obtained from Enyu Imai (Osaka University Medical School, Japan). The virus was purified by a series of centrifugation steps and used within a week of purification. Activity was estimated from the OD of the purified HVJ by using the following calculation: OD 540 of 1.0 ϭ 15,000 hemagglutinating units (HAU)͞ml. Approximately 210,000 HAU of HVJ were used per experiment (7-10 rats).
Preparation of lipid mixture. Phosphatidylserine sodium salt (10 mg), cholesterol (1 g), and phosphatidylcholine (48 mg) were dissolved in tetrahydrofuran buffer and placed into custommade glass tubes. The tubes were individually processed in a RotavaporR-114 (BUCHI, Flawil, Switzerland) with vacuum pump and water bath (45°C) under nitrogen gas. The tubes were stored at Ϫ20°C and used within 1 week.
Preparation of h15-LO plasmid. h15-LO 2.7-kb gene plasmid was fused to a commercially available vector, pUC-CAGGS, that contains a chicken actin promoter segment and a poly(A) segment. Two hundred micrograms of plasmid was used in each preparation. Sham transfection was performed by using pUC-CAGGS vector alone.
Preparation of HVJ liposome. h15-LO plasmid was combined with nonhistone nuclear protein high mobility group 1, (Wako Chemical, Richmond, VA) and incubated at 20°C for 1 hr. This mixture then was transferred to the lipid mixture tubes and combined through a series of vortex and sonication steps (Branson 1210 sonicator). Purified-HVJ suspension was then UV light-inactivated and added to the nonhistone nuclear protein high mobility group 1͞liposome tubes. This combination was shaken for 1 hr at 37°C, and the final liposomes were purified by ultracentrifugation on a sucrose gradient and used within 24 hr. Just before injection, CaCl 2 as 2 mM of final concentration was added to the HVJ liposomes.
Surgical procedure. We performed two types of transfection. Unilateral transfection was performed in the model of pNTS model. Bilateral transfection was performed in the aNTS model. Animals were anesthetized with the short-acting barbiturate Brevital (50 mg͞kg, i.p.). For unilateral transfection (pNTS), a clamp was placed just above the left kidney; for bilateral transfection (aNTS) a clamp was placed above the right kidney and on the superior mesenteric artery. A flexible canulla was inserted in the aorta and the kidney(s) was (were) perfused with ice-cold saline. The HVJ-liposome mixture was perfused over 1 min, and the kidneys were cooled with sterile ice packs for 10 min. The 10-min cold-ischemia facilitates transfection and prevents ischemic injury. During this time the canulla was removed and the aorta was repaired. After 10 min of transfection, the clamps were removed and the incision was closed. The entire procedure lasted less than 30 min, and the kidneys experienced approximately 11 min of cold ischemia. Transfection was confirmed at the termination of the experiments as described below.
Renal Clearance Studies: Anesthetized Rats. These studies were performed in the pNTS model. Male Sprague-Dawley rats were prepared for surgery according to protocols described previously (30, 31) . In brief, after anesthesia, the femoral artery was cannulated for monitoring mean systemic arterial pressure and sampling of blood. After a tracheostomy, catheters were inserted into both jugular veins for infusion of plasma, and a solution of inulin (70 mg͞ml in 0.9% NaCl) and para-aminohippurate (16 mg͞ml) at 1.2 ml͞hr. The ureters also were cannulated for collection of urine samples. Homologous rat plasma was administered to adequately replace surgically induced plasma losses, thus maintaining euvolemia (32) . In all experiments, measurements were started 3 or 48 hr after the administration of either decomplemented rabbit serum or NTS and carried out as follows. Samples of femoral arterial blood were obtained in each period for determination of systemic arterial hematocrit and plasma concentrations of inulin and para-aminohippurate, and samples of urine from the kidneys were collected for the determination of flow rate, protein concentration, inulin concentration, and the calculation of whole kidney glomerular filtration rate and renal plasma flow. The concentration of inulin in plasma and urine samples was determined by colorometric assay (Anthrone method; ref. 29) . The concentration of paraaminohippurate in urine and plasma was determined according to the method of Smith et al. (33) . Calculation of hemodynamic values was performed by using conventional formulae. Urinary protein concentration was determined by using the Bradford method (34).
Urinary LxA4 Measurements. Urinary LXA 4 was determined by ELISA (Oxford Biomedical Research, Oxford, MI), following the manufacturer's instructions.
Renal Clearance Studies: Metabolic Cages. Rats with aNTS were followed for 4 days in rat metabolic cages (Lab Products, Seaford, DE). During this time, the rats had access to standard rat chow and water ad libitum. Urine was collected at 24-hr intervals for measurement of protein, urine flow, and creatinine (Beckman Creatinine II Analyzer). Blood samples were taken daily from the tail vein for measurement of creatinine and blood urea nitrogen (BUN, Beckman BUN analyzer). Kidney tissue was harvested at the end of the experiment for confirmation of transfection.
Expression of h15-LO Protein. Glomeruli were isolated by mechanical sieving, suspended in lysis buffer (50 mM Hepes͞1% Triton X-100͞50 mM NaCl͞50 mM NaF͞10 mM sodium pyrophosphate͞5 mM EDTA͞1 mM Na 3 BO 4 ͞1 mM PMSF͞10 mg/liter aprotinin͞10 mg/liter leupeptin), and sonicated for 10 sec. Cell debris was separated from solubilized protein by centrifugation at 1,200 ϫ g for 10 min. Protein in the supernatant was quantitated by the Lowrey method (35) . Twenty micrograms of total protein then was separated by SDS͞PAGE and transferred to nitrocellulose membrane by using Trans-Blot SD electrophoretic transfer cell (Bio-Rad). The membrane was probed with rabbit anti-human 15-LO antibody (41) for 1 hr after which it was washed with PBS-0.1% Tween. A horseradish peroxidaselabeled anti-rabbit IgG antibody (Amersham Pharmacia) was applied for 1 hr, then washed with PBS-0.1% Tween. The hybridization signal was detected by using Enhanced Chemioluminescence detection reagents (Amersham Pharmacia).
RNA Isolation and Analysis. h15-LO mRNA expression in rat glomeruli was determined as described (36) . Briefly, glomerular were isolated and RNA was extracted by the Chomczynsky method (37), using RNAzol reagent (Biotecx Laboratories, Houston). 15-LO mRNA was amplified by reverse transcriptase-PCR using GeneAmp RNA kits (Perkin-Elmer) and h15-LO-specific oligonucleotide primers as described (38) . The DNA band corresponding to the 15-LO segment was identified by its predicted size (952 bp).
Histology and Immunohistochemistry. Kidneys from anesthetized rats with aNTS were harvested, sliced thinly in cross-section, and immersed in 10% formalin for overnight fixation. Fixed tissues then were dehydrated, cleared, and embedded in paraffin. Tissue sections were cut at 3 m and stained with hematoxylin and eosin.
For immunohistochemistry, tissue sections were incubated in 3% H 2 O 2 to eliminate endogenous peroxidase activity, and then blocked with 1% BSA in PBS. Polyclonal antibody anti-ED-1 (Chemicon) was used as the primary antibody in a routine indirect immunoperoxidase procedure. Immunostaining was performed according to instructions provided with the kit (Vecstatin ABC kit, Vector Laboratories).
LTB4 Assay. LTB 4 4 was extracted by applying samples on C-18 cartridge rinsed with 5 ml of ethanol followed by 5 ml of distilled water. After rinsing 5 ml of distilled water followed by 5 ml of hexane, LTB 4 was eluted in 4.5 ml of ethyl acetate plus 1% methanol. The extracted samples were dried up under nitrogen gas and reconstituted in EIA buffer (PBS plus 0.1% BSA, pH 7.4). LTB 4 was measured by EIA system (ELISA Technologies, Lexington, KY) and normalized as ng͞10,000 isolated glomeruli.
Statistical Analysis. Mean (ϮSEM) values within each group and between groups were compared by using ANOVA, with Bonferroni modification for multiple preplanned comparisons. Differences were considered significant if P Ͻ 0.05.
Results

pNTS: Confirmation of Transfection.
Rats in which h15-LO cDNA was selectively transfected into the left kidney 3 days before NTS injection were studied at 3 hr (n ϭ 8) and 48 hr (n ϭ 6) post-NTS injection. These animals were compared with animals unilaterally transfected with green fluorescent protein cDNA and injected with NTS in identical protocols (n ϭ 3 each; 3 and 24 hr post-NTS). In each group, the untransfected (right) kidney served as an internal control. A representative reverse transcription-PCR experiment is shown in Fig. 1 . The right kidney was not transfected and does not show h15-LO expression. The left, transfected kidney shows both h15-LO and the native rat 12͞ 15-LO (see above). Fig. 2 illustrates Western blot analysis of h15-LO protein from the same experiment. Human peripheral blood monocytes stimulated with IL-13 were used as a positive control for h15-LO expression (36) . The rat and hLOs are very close in size and thus the bands run close together. Also, rat glomeruli show a faint positive upper band of unknown nature, whereas the human monocytes do not. Thus, only transfected glomeruli express the h15-LO protein, whereas contralateral kidneys do not.
We also measured LXA 4 concentration in urine from unilateraly tranfected animals. Urine from left (transfected) kidneys showed a 3-fold increase in LXA 4 excretion compared with the right (control) kidney (Fig. 3) .
pNTS: Renal Clearance Studies. Induction of pNTS leads to substantial acute reductions in the glomerular filtration rate (GFR) and renal plasma flow rate (RPF) (33, 39, 40) . While these parameters were depressed to an equivalent degree in all animals Total urinary protein excretion rates͞day are shown in Fig. 4 . 15-LO transfected kidneys had substantially less total urinary protein excretion than their contralateral controls.
pNTS: Green Fluorescent Protein Transfection. To assess the impact of the transfection procedure per se, we performed identical experiments in which green fluorescent protein was substituted for h15-LO (n ϭ 6). No significant differences in renal function or histology were noted between transfected and nontransfected kidneys.
From these studies we determined that in vivo renal 15-LO transfection using the HVJ-liposome approach was feasible, therapeutically promising, and without deleterious effects on normal function. We therefore performed additional experiments using aNTS in which both kidneys were transfected and renal parameters were compared with mock-transfected controls. This macrophage-dominated model is a closer representation of the majority of human glomerulonephritides (33, 41, 42) .
aNTS: Confirmation of Transfection. Rats were transfected with h15-LO cDNA into both kidneys 3 days before NTS injection. Fig. 5 shows h15-LO mRNA expression in glomeruli isolated from control rats (numbered 1-3) and nephritic rats (numbered 4-10). 15-LO mRNA is readily apparent in isolated glomeruli from transfected rats. The far left lane in Fig. 5 contains molecular weight markers and lanes 1-10 are isolated glomerular mRNA from individual rats. Note that rat #9 died and is not included in this study. Note also that three rats did not show expression at the end of the experiment (numbers 6, 8, and 10). These animals therefore were removed from the study; however, interestingly these three animals showed higher degrees of proteinuria and BUN than the successfully transfected rats (data not shown). Thus, our percent transfection success (about 60%) is very close to that obtained previously (24) . Expression of h15-LO protein was confirmed by Western blot in animals that expressed mRNA for h15-LO (data not shown).
aNTS: Renal Functional Studies. Animals were divided into four groups: group 1 underwent h15-LO transfection alone, group 2 underwent h15-LO transfection ϩ accelerated NTS, group 3 underwent sham transfection only, and group 4 underwent sham transfection ϩ aNTS. Fig. 6 shows the group mean BUN levels. As can be seen, NTS administration to sham-transfected animals (group 4) resulted in a prompt elevation of BUN, indicating a substantial fall in glomerular filtration rate. In group 2, 15-LO transfection completely abolished the NTS-induced rise in BUN until day 4. Of interest, day 4 post-NTS is day 7 posttransfection, a time at which a significant reduction in gene expression achieved by the HVJ liposome in renal glomeruli has been demonstrated. BUN levels in animals not exposed to NTS but transfected with sham liposomes (group 3) or human 15-LO (group 1) did not change throughout the length of the experiment. Thus, transfection alone did not alter renal function.
Creatinine clearances also were measured in these groups and were significantly different at days 1 and 2 of disease between sham and h15-LO-transfected animals with aNTS (1.6 Ϯ 0.3 vs. Fig. 7 illustrates, in a similar manner, the urinary protein excretion rates over 4 days. Under normal conditions, urinary protein levels are minimal, as demonstrated by the sham or 15-LO transfected healthy rats (controls). Sham-transfected rats exhibited prompt and sustained increases in urinary protein excretion upon administration of NTS. h15-LO transfection significantly reduced urinary protein excretion rates over 4 days by about 40% compared with sham-transfected controls.
Histology and Immunohistochemistry. Kidneys from NTS rats showed the typical pathology of this disease, including marked focal segmental or diffuse proliferative glomerulonephritis. Immunostaining for ED-1 revealed only a few immunoreactive cells in scattered glomeruli from non-nephritic rats. However, glomeruli from nephritic rats contained an abundance of ED-1-positive cells. No differences in cell infiltrate or histopathology were detected among transfected and nontransfected nephritic rats. Sham-operated and sham-transfected rats did not show any indication of glomerular infiltrates or any other specific pathological changes.
LTB4 Generation in Isolated Glomeruli. Previous studies have shown that glomerular LTB 4 production peaks in the early phase of glomerulonephritis and has pro-inflammatory properties in this model (14, 39) . Fig. 8 illustrates LTB 4 production in glomeruli isolated from h15-LO-transfected rats during pNTS at 3 and 48 hr after initiation of disease (n ϭ 4 each time point). In pNTS (3 hr), glomerular LTB 4 production was elevated in nontransfected kidneys. Glomeruli from transfected kidneys produced significantly less LTB 4 at 3 hr (33 Ϯ 10 vs. 19 Ϯ 3 ng͞10 4 glomeruli, P Ͻ 0.05, control vs. h15-LO, respectively). As demonstrated previously (41), after 2 days of disease, glomerular LTB 4 production falls. Although the temporal pattern of changes in LTB 4 production at 48 hr was similar, differences between the transfected and nontransfected kidneys were maintained (left Ͻ right), although the mean values were not statistically different.
Discussion
Evidence for a generalized anti-inflammatory role for 15-LO products has been derived from clinical observations and experimental studies in vivo and in vitro (6, (12) (13) (14) (15) (42) (43) (44) (45) (46) (47) (48) . The anti-inflammatory actions of 15-LO-derived eicosanoids during experimental glomerulonephritis demonstrated here are likely mediated through two major pathways: (a) specific antagonism of leukotriene synthesis, receptor interactions, and biologic effects (41) (42) (43) (44) (45) (46) (47) (48) (49) , and (b) generalized inactivation of polymorphonuclear cell͞macrophage functions through remodeling of leukocyte membrane phospholipids (12, 17, 50) .
Previous studies on the regulation of rat 12͞15-LO gene expression in NTS nephritis (51) , as well as studies on cytokine regulation of 15-LO expression in human monocytes (14) , provide compelling evidence supporting a specialized role for the induction of 15-LO activity as an ''arrest'' signal for macrophage-mediated tissue injury. Using quantitative PCR, we demonstrated a gradual increase in glomerular 12͞15-LO mRNA over the first 48 hr of immune injury, reaching peak expression at 2-3 days (51). Over an identical time course, glomerular infiltration by macrophages and T lymphocytes is observed (52, 53) , and gene expression of TH2-derived cytokines, IL-4 and IL-13, also increases, reaching a maximum at 24-48 hr (54). Because these cytokines are known to exert anti-inflammatory actions (55) (56) (57) and are unique inducers of 15-LO mRNA in human monocytes (14, 58) , it is tempting to postulate that, at 24-72 hr postonset of acute inflammation, lymphocyte-derived anti-inflammatory effects are activated in the inflammatory micromilieu, resulting in macrophage inactivation and arrest of tissue injury.
In the present studies, we sought to provide direct evidence that overexpression of 15-LO is an effective anti-inflammatory strategy. We took advantage of the differences between human and rodent 15-LO to reliably detect human enzyme expression in rat kidney. The marked differences in LXA 4 excretion between transfected versus nontransfected kidneys attests to the (n ϭ 7). * , P Ͻ 0.05 vs. h15-LO transfected ϩ aNTS. functional integrity of the overexpressed enzyme. The clearcut differences between transfected and nontransfected kidneys of the same rat argue against circulating factors, or other downstream events resulting from presence of 15-LO, as underlying the protection of function and down-regulation of inf lammation in transfected kidneys. Furthermore, mesangial cells are known to be the primary site of HVJ-liposome transfection, and thus overexpression of 15-LO in this area of the glomerulus will be expected to inf luence activation, but not migration, of macrophages. No significant differences were noted in the intensity or pattern of histopathologic expression between 15-LO-transfected and nontransfected nephritic kidneys. This finding is not surprising because 15-LO products have not been shown to inf luence macrophage migration, and the clear implications from our functional and biochemical analysis is that 15-LO products impacted on cellular activation rather than infiltration.
It has been proposed previously that underexpression (or total absence by gene knockout) of the 15-LO inducers IL-4 and IL-13 predisposes to severe and destructive inflammatory reactions in rats and mice (54, 59, 60) . Conversely, administration of IL-4 is associated with amelioration of such injury (61) . Susceptibility to auto-immune injury, therefore, might arise, in part, from a genetic or acquired deficiency of endogenous anti-inflammatory stimuli. The unique action of 15(S)-lipoxygenated eicosanoids in abrogating activation of polymorphonuclear cells and macrophages is a particularly effective tissue-preserving strategy because, regardless of inciting mechanisms, it arrests injury at the crucial final common mechanism mediating tissue damage, namely, effector cell activation (12) (13) (14) (15) . The present studies support this notion.
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